Abstract Sequential extraction is a useful technique for assessing the potential to leach actinides from soils; however, current literature lacks uniformity in experimental details, making direct comparison of results impossible. This work continued development toward a standardized five-step sequential extraction protocol by analyzing extraction behaviors of Am from lake and ocean sediment reference materials. Results produced a standardized procedure after creating more defined reaction conditions to improve method repeatability. A NaOH fusion procedure is recommended following sequential leaching for the complete dissolution of insoluble species.
Introduction
Destructive chemical analysis of soil and sediment is common, and several widely accepted methods exist, including: dissolution, fusion, leaching, etc. While these techniques offer valuable information on total metal concentration, they lack in their ability to accurately predict mobility and bioavailability of contaminants in the environment. To obtain a better understanding of contaminant mobility, the association of contaminants with specific host phases of soils and sediments must be investigated. This investigation is most commonly conducted using sequential extraction techniques. A well-optimized sequential extraction procedure can furnish information about the origin, physicochemical and biological availability, mode of occurrence, mobilization and transport of trace metal and actinide contaminants [1] .
Several sequential extraction procedures have been developed over the years to assess geochemical information, trace element contaminant mobility, and radioisotope behavior in the environment. Experimental details vary widely, however, and differences in factors such as soil geochemistry, extracted elements, and the number and definition of target phases make direct comparison of results impossible [2] [3] [4] [5] [6] [7] [8] [9] . A brief literature search of actinide specific sequential extraction experiments, shown in Table 1 , reveals the degree of differences in these experiments.
A standardized sequential extraction protocol would benefit the research community by allowing direct comparison of leaching behaviors of multiple actinide elements from a variety of soil types. A speciation workshop hosted by the National Institute of Standards and Technology (NIST) addressed these needs by recommending the development of a simple, standard sequential extraction protocol. Such protocol would be optimized for reagent to sample ratio, reagent concentration, reaction time, and reaction temperature; all factors that can greatly influence metal partitioning [10] . While sample-specific dependencies were of concern, it was decided that a carefully & Sherry A. Faye faye1@llnl.gov developed procedure could accommodate variations in results caused by dissimilarities in sediment composition.
Steps towards standardization have previously been researched by Schultz et al. [8] using an ocean sediment standard reference material (NIST SRM 4350B) for initial procedure development and by Outola et al. [9] for the optimization of the sequential extraction procedure using a fresh-water lake standard reference material (NIST SRM 4354). The work presented in this paper aims at continuing to pursue research to develop a standardized sequential extraction protocol, while at the same time adding capabilities for simultaneous analysis of multiple actinide elements.
Procedure development
An extraction chromatography based procedure was chosen to allow quicker, and more efficient separation of radionuclides following sequential extraction, thus allowing the simultaneous analysis of multiple actinide contaminants. A procedure by Maxwell et al. [11] was first tested to verify intralaboratory repeatability. Potential effects on separation efficiency caused by interferences of sequential extraction reagents were then investigated by testing the separation scheme on samples containing sequential extraction reagents and tracers, but no soil reference material. Finally, the sequential extraction procedure, previously optimized by Outola et al. [9] , was repeated with five replicates of each of each reference material (NIST 4354 and NIST 4357) to determine method repeatability across different laboratories.
Procedure expansion

Americium and thorium analysis capabilities
Americium and thorium were chosen for analysis based on the relatively small amount of sequential extraction studies found within literature on the elements. Studies that do assess americium leaching from soil do not agree, likely because of different reaction conditions used by the researchers [2, 3, 6, 7] . Not only was americium seen extracted from different host phases, but some studies show correlation of americium and plutonium leaching while others do not.
Research on thorium association to geochemical host phases of soils and sediments is also scarce. Thorium extraction data is important because it can provide information on source contributions as well as provide great insight into mobility of certain actinide contaminants, mainly uranium [12] .
Experimental Instrumentation
An Oxford Oasis and two Canberra Alpha Analyst (model 7200-04) systems with a total of 23 detectors were used for Table 2 .
Two NIST standard reference materials (SRMs) were used in this research; an ocean sediment material, NIST SRM 4357 [13] , and a lake sediment material, NIST SRM 4354 [14] .
Methods-procedure development
All experiments discussed in this section were performed in triplicate unless stated otherwise. Actinide samples were prepared by CeF 3 microprecipitation as described in the literature [15] and counted by alpha spectrometry to achieve 1% or better counting statistics. Stable element samples were analyzed by ICP-MS in pulse mode, except for iron, which was run separately in analog mode.
Extraction chromatography procedure verification
The procedure by Maxwell et al. was first verified by investigating the elution properties of each radiotracer separately to eliminate potential interferences from the sediment matrix, sequential extraction reagents, and other tracers. Eluents from each step were collected and analyzed separately by alpha spectroscopy.
A scaling down of reagents was then tested in the precolumn cerium fluoride precipitation step in order to minimize the volume of HF used to preconcentrate the actinides. Each reagent used for sequential extraction was spiked with radiotracers and run through the separation procedure to monitor any losses in recovery.
General procedure
Separations were performed as presented in Maxwell et al. beginning with the iron hydroxide coprecipitation step directly following wet ashing and fusion. Solution used in the CeF 3 microprecipitation was scaled down 1:20 to minimize the volume of hydrofluoric acid for safety reasons. The precipitate from the Fe(OH) 3 preconcentration was diluted in 6 mL 1.5 M HCl (J.T. Baker) then diluted to a 17 mL total volume with 0.01 M HCl. Cerium carrier, 1.55 mg mL -1 Ce(NO 3 ) 3 Á6H 2 O (99.5%, Alfa Aesar) was added in a volume of 0.2 mL followed by 1.1 mL of 28 M HF (BDH). For samples containing uranium, 0.5 mL of 20 wt% TiCl 3 (Alfa Aesar) was added. Samples were placed on ice for 10 min to allow precipitate formation, and then centrifuged at 3500 rpm for 20 min. Supernatant was removed by pipetting and the remaining precipitate was dissolved in 5 mL of warm 3M HNO 3 -0.25M H 3 BO 3 (BDH), 6 mL of 7M HNO 3 , and 7.5 mL of 2 M Al(NO 3 ) 3 (EMD). The samples were left to sit overnight to dissolve and loaded onto the columns the next day. Column separation was performed using 2 mL TEVA, TRU, and DGA resin cartridges stacked on a 24 station vacuum box (Eichrom Technologies, LLC.) as per the procedure by Maxwell et al.
Method verification
Samples of each radionuclide tracer ( 229 Th, 232 U, 242 Pu and 243 Am) were prepared by evaporating a known volume of the tracer at 80°C in a 50 mL centrifuge tube then reconstituting the residue in a 7M HNO 3 -2M Al(NO 3 ) 3 load solution. Eluents were collected from each step and saved in 50 mL centrifuge tubes for subsequent analysis by alpha spectroscopy.
A 1:20 scale down of the Maxwell pre-column CeF 3 procedure was tested by first evaporating tracers of 229 Th, 232 U, 242 Pu and 243 Am in 50 mL of deionized water to dryness. Following reconstitution in 200 mL of 0.5M HCl, a ferric hydroxide coprecipitation procedure was applied to the samples to preconcentrate the actinides. A CeF 3 microprecipitation was performed using the volumes presented in the general procedure section. Separations were subsequently performed on all samples before CeF 3 microprecipitation sample mounting for alpha spectrometric analysis. For the investigation of possible reagent interferences with extraction chromatographic resins, samples of each sequential extraction reagent were prepared consisting of 50 mL of reagent at concentrations shown in Table 2 . Control samples were prepared using 50 mL of deionized water. All samples were traced with 232 U, 242 Pu, and 243 Am. Samples were evaporated to dryness and reconstituted in 200 mL 0.5M HCl prior to Fe(OH) 3 precipitation for preconcentration of actinides. The samples were then subject to the steps presented in the general procedure discussed above.
Sequential extraction procedure verification
Sequential extraction experiments originally performed by Outola et al. were repeated as presented [9] using five replicates of each reference material. Some reaction conditions were adjusted based on properties of the reference materials. Lake sediment samples were centrifuged at 5000 rpm after the first leaching step since 3000 rpm was not enough to separate the leachate from the solid material. Carbon dioxide gas was allowed to evolve from the centrifuge bottle between addition of the extracting reagent and capping of the bottles for the leaching reaction due to the high carbonate content of the ocean sediment reference material. All other experimental conditions matched those discussed by Outola et al. and shown in Table 3 [9] .
A 50 mL fraction of each leachate was measured gravimetrically and set aside for analysis of stable metal concentrations by ICP-MS prior to tracer addition. Each sample was evaporated to dryness and reconstituted in 40 mL of 1% ultrapure HNO 3 (Baseline).
Tracers of 229 Th, 232 U, 242 Pu, and 243 Am were added in activity concentrations matching certificate values for the reference materials prior to separations, CeF 3 sample mounting, and alpha spectrometry mentioned in the previous section [13, 14] .
Methods-procedure expansion
Americium and thorium analysis
Experiments in this section were performed concurrently with the experiments for sequential extraction method verification. Tracers of 229 Th and 243 Am were added to sequential extraction leachates after a volume was removed for stable element analysis by ICP-MS. All samples were prepared and analyzed in the same manner as plutonium and uranium samples discussed in the previous section.
Addition of a sixth fraction for complete dissolution
Two microwave digestion and one fusion procedure were investigated to determine the best method based on experiment length, radionuclide recovery, and safety. A method by Kemp and Brown [16] and EPA Method 3052 [17] were tested, with no modifications, as representative microwave digestion procedures. A Milestone Ethos EZ closed vessel microwave digestion system with SK-10 rotor and reaction vessel was used for both microwave digestion experiments. A NaOH fusion procedure [18] for cement was then tested, with no modifications, as a representation of a fusion technique using a Vulcan box furnace model 3-550. Due to the small sample size (0.25 g) required for the dissolution techniques, each technique was tested using IAEA 384 (Fangataufa sediment) due to its relatively high plutonium concentration [19] . Following each dissolution, samples were transferred to a 600 mL beaker using 100 mL of 1 M HCl and diluted to 200 mL with DI. A 242 Pu tracer was added prior to Fe(OH) 3 and CeF 3 pre-concentration steps. Each sample was then run through the separation scheme presented above before CeF 3 sample mounting and counting by alpha spectroscopy.
Results and discussion
Procedure development
Extraction chromatography procedure verification
Overall, tracers behaved as expected throughout the separation procedure. Recoveries for americium, thorium, and uranium were all near 100%, while plutonium had a yield of 83% potentially due to incomplete valence adjustment. Recovery values for each tracer are shown in Fig. 1 with error bars representing the standard deviation of the sample set.
No breakthrough higher than 1% was seen for any isotope in any non-tracer eluting fraction except for uranium in the first 3 M HNO 3 wash of TEVA at 2.3 ± 0.1%. This is expected, however, as the 3M HNO 3 wash was used to remove any residual uranium from TEVA that may have been retained during sample loading onto the columns. Figure 2 shows Figure 3 shows the results of the reagent interference study. Some variation in recovery was seen based on tracer and sequential extraction reagent examined, but overall recoveries were above 50%, with several recoveries in the 80-100% range.
Sequential extraction reagent interference
Low uranium recovery with a high standard deviation in the organic fraction suggests incomplete and inconsistent oxidation of uranium to U(VI) between replicates which could leave varying amounts of less soluble U(IV) in the sample. Since Lleaching of the organic fraction consists of a H 2 O 2 -HNO 3 oxidation performed on a hotplate, it is inherently not as well-defined as the other leaching steps which are performed with set reaction times and temperatures within a water bath. Though a 3-h reaction period is suggested by Outola et al., the time needed to leach the organic fraction is highly dependent on the sediment composition; thus the reaction endpoint must be determined visually by the experimenter. The extraction conditions for the organic fraction should be investigated more closely in an attempt to increase uranium extraction from the organic target phase.
Losses in recovery of plutonium from the exchangeable target phase could be caused by plutonium complexing with the magnesium in solution [20] , thus increasing the solubility of plutonium and causing incomplete precipitation of plutonium prior to column separation. Plutonium losses in the exchangeable phase could also be caused by plutonium forming chlorocomplexes due to the presence of chloride, which would affect the behavior of plutonium on the column. Recovery of plutonium was also low in the Fe/ Mn oxide leaching step, possibly due to an incomplete reduction of plutonium since the rate of reduction of hydroxylamine can decrease significantly with slight variations in pH [21] . A more thorough monitoring of pH throughout the Fe/Mn oxide reduction step may provide insight into the low plutonium recoveries seen in the fraction. Low plutonium recovery from the Fe/Mn oxide target phase has been observed, but not discussed, by others in literature [8, 22] .
Low recovery of americium from the exchangeable and Fe/Mn oxide phases was seen. Though americium has a high recovery in the organic fraction, the higher error bars point to inconsistent leaching of americium from the organic fraction.
Sequential extraction procedure verification
Leaching results of 238 U, 239,240 Pu and stable elements from lake and ocean sediment reference materials are shown in Figs. 4 and 5. Differences in extraction behaviors from lake sediment between this work and literature were seen with plutonium, likely due to inconsistent leaching in the organic phase as discussed in the previous section relating to uranium recovery. This should be solved by creating more well-defined reaction parameters and monitoring the pH during leaching of the organic fraction. Uranium and stable elements values compared well to the data of Outola et al. suggesting the method can be repeatable across different laboratories with a few minor changes. Iron extracted from the organic fraction saturated the ICP-MS signal, and was therefore eliminated from the data shown in Fig. 4 .
The main differences in leaching behavior seen for experiments on ocean sediment were seen with plutonium, Leaching Reagent Fig. 3 Uranium, plutonium and americium recovery in five fractions of sequential extraction procedure using only extraction reagents with major discrepancies in the carbonate and organic phases. This possibly results from a modification made at UNLV to allow evolution of CO 2 gas prior to capping the bottle for the carbonate reaction phase. It is recommended that parameters for the carbonate phase should be defined such that they are uniform for all carbonate concentrations.
Procedure expansion
Addition of americium and thorium analysis
The percent extracted for each actinide analyzed are shown in Fig. 6 , normalized to 100%. The results vary drastically between lake sediment and ocean sediment, suggesting a possible effect on leaching caused by geochemical composition of the sediment samples.
Recovery of primordial radioisotopes 232
Th and 238 U from lake sediment matches well with the majority of leaching seen from the carbonate and organic host phases. The high total recovery of usually insoluble thorium suggests acidic conditions and relatively high amounts of dissolved organic carbon within the lake environment [23] . Total recovery of thorium and uranium from the first three target phases was 39 and 61%, respectively, suggesting a much higher mobility potential in lake sediment than in ocean sediment. Recovery of anthropogenic 239, 240 Pu is similar to recovery of 241 Am, with a total extraction in the first three target phases of 15 and 34%, respectively. Americium and plutonium isotopes are relatively less soluble in lake sediment than in ocean sediment, suggesting differences in speciation based on environmental conditions.
In ocean sediment, primordial radioisotopes 232 Th and 238 U behave similarly, both with less than 30% leaching from the first three target phases. Anthropogenic radioisotopes 239, 240 Pu and 241 Am also behave in a similar manner to each other, with over 70% extraction from the first three target fractions. This leaching behavior is likely due to the chemical form and origin of the isotopes. Thorium and uranium would likely be more bound to the ocean sediment due to their natural incorporation within the mineral phases of the sediment. Plutonium and americium, however, were 238 Pu was measured as 87.7 ± 9.1%. The EPA Method 3052 resulted in a cloudy solution, which, after centrifugation and X-ray diffraction analysis, was found to be a CaF 2 precipitate resulting from the high carbonate content of the sediment and hydrofluoric acid used in the procedure. The majority of the plutonium (*95%) found in the precipitate could have been dissolved using perchloric acid, however not all laboratories have capabilities to work with perchloric acid so the method was not considered for future use. The NaOH fusion procedure produced completely dissolved samples with high recoveries in a relatively short period of time (\1 day). Plutonium recoveries from Fangataufa sediment were 90.3 ± 5.2% for 239, 240 Pu and 94.3 ± 7.6% for 238 Pu. Due to the robustness of the procedure and quicker dissolution time, the NaOH fusion method is recommended for a potential sixth fraction for complete dissolution.
Recommendation for a standardized sequential extraction protocol
The recommended procedure for standardization consists of sequential leaching following the Outola et al. [9] method, a NaOH fusion [18] as a sixth fraction for dissolution of highly insoluble particles, extraction chromatographic separations following the procedure by Maxwell et al. [11] and sample mounting for alpha spectroscopy using CeF 3 microprecipitation [15] . Leaching of the carbonate fraction should be modified to allow time for evolution of CO 2 gas from samples containing high amounts of carbonates. The pH should be monitored during leaching of the organic fraction, and the leaching endpoint should be defined as the time at which the sample stops reacting and the color of the soil solution changes from dark brown to sage green. Leach solutions should be traced with appropriate radioisotope tracers prior to being taken to dryness and reconstituted in 200 mL 0.5 M HCl. For postleaching separations, the procedure by Maxwell et al. should be followed beginning with a ferric hydroxide coprecipitation. If needed, the reagents used for the pre-column CeF 3 precipitation can be scaled down by 1:20. Finally, samples should be prepared for alpha spectroscopic analysis by CeF 3 microprecipitation, as presented by Sill et al. [15] .
Conclusions
An extraction chromatography procedure was investigated for applicability to post-sequential extraction leachates to facilitate the separation of samples containing multiple actinide elements. Minimal breakthrough and recoveries of over 75% for most target phases suggest the separation scheme can be successfully used in tandem with the sequential extraction procedure. Method verification of a sequential extraction protocol by Outola et al. was conducted by analyzing five replicate samples of lake sediment and ocean sediment reference materials for extraction of 238 U and 239,240 Pu. Results were mostly in agreement between laboratories, with discrepancies likely arising from inconsistent reaction parameters within the sequential extraction procedure. Extraction of americium and thorium from lake and ocean sediment was studied to investigate Fig. 6 Extraction data for americium, uranium, thorium, and plutonium for Lake Sediment (NIST 4354) and Ocean Sediment (NIST 4357) the expansion of the sequential extraction procedure capabilities. Finally, a NaOH fusion technique was recommended to address incomplete leaching of some elements seen in the five-step sequential extraction results. The resulting six-step sequential extraction procedure followed by extraction chromatographic separations is recommended as a standardized procedure for future experiments investigating actinide leaching from soil.
